Substitutional doping of heteroatoms in the SWCNT lattice has proven to be an efficient way of tuning the bandgap and workfunction [19] , since it substantially modifies the atomic structures [20, 21] and chemical reactivity [22] , and consequently their range of possible applications is significantly broadened. In general, due to the small mismatch in atomic sizes, boron (B) and nitrogen (N) have been the most frequently used dopants of SWCNTs rather than sulphur, phosphorus, and silicon with an obvious size mismatch [23] [24] [25] [26] . In particular, N-doping of SWCNTs has been extensively studied due to the simple and easy doping process. It has been shown that the introduction of N can greatly influence the growth of SWCNTs by changing chiral angles [27], decreasing diameters [28] , and reducing growth rates [29, 30] . Most previous studies intended to introduce a high-content of N into SWCNTs, so that the band gap of SWCNTs would be significantly changed. However, structural defects are then inevitably introduced into the SWCNTs, which results in the deterioration of their electrical/thermal conductivity and mechanical properties [31, 32] . In this case, the overall effects of N-doping on the properties of SWCNTs turn out to be complex and unclear. Therefore, there is a great need to achieve band-gap tuning of SWCNTs by N-doping without adversely affecting their physical properties. A feasible way to retain the high crystallinity of tube walls, is to dope with only small amounts of N. Pint et al. [33] reported the synthesis of SWCNT arrays containing a limited amount of nitrogen, but the properties of the resulting materials were not investigated.
INTRODUCTION
Single-wall carbon nanotubes (SWCNTs) are considered as an ideal building block of next-generation nanodevices due to their unique electronic, optical, optoelectronic, and mechanical properties [1, 2] . SWCNTs can be either metallic or semiconducting depending on their chiral angle and diameters. Semiconducting SWCNTs (s-SWCNTs) can be used in field effect transistors (FETs) and optoelectronic devices as a channel material [3] [4] [5] [6] [7] , while metallic SWCNTs (m-SWCNTs) are ideal interconnectors in integrated circuits and high-frequency devices [8] [9] [10] . However, real applications of m-and s-SWCNTs are hindered by the fact that SWCNT samples are usually a mixture of metallic and semiconducting types, which leads to very poor performance and non-uniformity of the fabricated devices. It is therefore very important to prepare SWCNTs of a single electrical type. In recent years, notable progress has been made in the selective growth of s-SWCNTs by in situ etching of m-SWCNTs, based on the principle that m-SWCNTs are usually chemically more active than s-SWCNTs [11] [12] [13] . However, the direct growth of m-SWCNTs seems to be more difficult [14] [15] [16] [17] [18] .
Purification of SWCNTs
The as-prepared SWCNTs were heat treated at 350°C in air for 2 h and then immersed in hydrochloric acid for 30 min at 80°C. The samples were then thoroughly washed using deionized water and further annealed at 400°C under an Ar flow for 1 h.
Characterization
The SWCNTs were characterized by scanning electron microscopy (SEM, Nova NanoSEM 430, 15 kV), transmission electron microscopy (TEM, JOEL 2010 operated in 200 kV), XPS (Escalab 250, Al Kα), Raman spectroscopy (Jobin Yvon HR800), and TG-MS (Netsch STA 449C, Jupiter +QMS 403C).
Construction of thin film field effect transistors (TFTs)
TFTs were fabricated using SWCNTs as the channel material. SWCNT thin films were collected using the method described in [11] . Briefly, a filter was installed and connected to the tail gas pipe of the SWCNT growth reactor. The as-synthesized SWCNTs were carried into this pipe by H 2 carrier gas and were collected by the filter. The collection is a gas phase process, so no solution or chemical was introduced. A Si wafer with pre-set Au electrodes was placed on the filter, and the SWCNTs were directly deposited as a channel material on the Si wafer.
Oxygen reduction reaction (ORR) measurements
Cyclic voltammetry (CV) measurements were performed using a program-controlled potentiostat (CHI 730 C) in a standard three-electrode cell. An SWCNT electrode was used as working electrode and a Pt wire served as counter electrode. For ORR measurements, an aqueous solution of KOH (0.1 M) was used as electrolyte, and an Ag/AgCl electrode (10% KNO 3 solution filled) as reference electrode. O 2 was used to purge the solution to obtain oxygen-saturated electrolyte solutions. Tests were performed at a scan rate of 100 mV s −1 . The SWCN Ts were ultrasonically dispersed in an ethanol solution containing 0.05 wt.% Nafion to form a concentration of 1.0 mg mL −1 catalyst ink, then coated on the surface of a glassy carbon disk (5.0 mm diameter). The catalyst loading was 0.1 mg cm −2 . Measurements on a rotating disk ele ctrode were carried out on a modulated speed rotator electrode rotator (Pine Instruments). For quantitative evaluation of the ORR electrocatalytic activity, rotating disk electrode (RDE) measurements were performed and analyzed using the Koutecky-Levich (K-L) equation.
RESULTS AND DISCUSSION
Structure of the N-SWCNTs SEM images of the N-and P-SWCNTs after the simple purification process are shown in Fig. S1 . Randomly entangled long SWCNTs were observed, and there is no obvious morphology difference between the two types. TEM observation of the purified N-and P-SWCNTs shows that both are composed of random SWCNT bundles (Figs 1a and S2a). The diameters of about 80 SWCNTs from each sample were measured under TEM, and the resultant histograms showing their diameter distributions are shown in Figs 1b and S2b. The N-doped SWCNTs have diameters mostly in the range of 1.0-1.6 nm, and centered at ~1.28 nm (Figs 1a and  b) , while the diameters of the P-SWCNTs are distributed in two regions centered at 1.38 nm and 1.86 nm (Fig. S2b) . We note that SWCNTs with diameters larger than 2.0 nm can be occasionally observed in the P-SWCNTs but are rarely seen in the N-doped SWCNTs. Therefore, the diameters of the N-SWCNTs are smaller than those of the P-SWCNTs, and their diameter distribution is narrower.
The pore structures of the N-and P-SWCNTs were investigated by cryo-nitrogen adsorption measurements and the adsorption isotherms were analyzed using the density functional theory (DFT) equation. Prior to the measure-ARTICLES ments, the caps of the SWCNTs were opened by a controllable oxidation technique [35] to allow N 2 to access the CNT cores. The nitrogen adsorption isotherms of the P-SWCNTs and N-SWCNTs are shown in Fig. 1c and exhibit two common features: a drastic increase of adsorption near 0 relative pressure and a small hysteresis behavior between the adsorption/desorption loops. Logarithmic plots of the N 2 adsorption isotherms in the extremely low P/P 0 (10 for the N-SWCNTs and P-SWCNTs, respectively. To obtain more detailed information of their pore structures, pore size distribution (PSD) curves were obtained using the DFT equation (available in the ASAP2020 software) and are shown in Fig. 1d . It can be seen that the micropore sizes of the N-SWCNTs are narrowly distributed in the range of 0.6-1.3 nm, compared to the wider pore size distribution of the P-SWCNTs that ranges from 0.8 to 2.1 nm. Considering the C atom covalent diameter of 0.15 nm, the pore size distribution is consistent with the results of HRTEM observations for both the P-and N-SWCNTs [36] [37] [38] . These results confirm the previous reports that N-doping leads to a decreased mean tube diameter and a narrower diameter distribution [21, 39] .
To investigate the effect of nitrogen doping on the stability of SWCNTs, thermogravimetric analysis (TGA) of the N-and P-SWCNTs was performed under a mixed air (50 sccm) and nitrogen (50 sc cm) flow, and the corresponding curves are shown in Figs 2a and S3a. It can be seen that major weight loss occurs in the temperature range of 600- 
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800 o C for both samples. The temperatures at which the rate of weight loss reaches the maximum value for the P-and N-SWCNTs are ~800 and 785°C, respectively. Even though this temperature for N-SWCNTs is slightly lower than that for P-SWCNTs, if one takes account of the smaller diameter (larger curvature) of the N-SWCNTs, which leads to higher chemical reactivity [40] , it appears that the crystallinity of the N-SWCNTs is not deteriorated by the N doping, which is consistent with the TEM observations. [33, 41] and laser Raman analysis were performed to characterize the N-SWCNTs. TG-MS analysis is able to differentiate whether the nitrogen atoms are doped into the carbon lattice or just adsorbed on the surface. As shown in Fig. 2b , an NO 2 signal was detected in the N-SWCNT sample, but not in the P-SWCNT sample. More importantly, CO and CO 2 signals started to appear at about 400 o C, which corresponds to the decomposition temperature of carbons containing defects. The NO 2 signal was detected at about 600°C and the highest NO 2 release peak was at 785°C, similar to those of CO 2 and CO. This temperature is consistent with the temperature of the fastest oxidation of the N-SWCNTs (Fig. 2a) . The NO 2 starts to be released at about 600°C, indicating that the nitrogen is not adsorbed on the tube walls or exist as functional groups at the tube surface. The simultaneous release of CO 2 and NO 2 further confirms that the N is doped into the sp 2 lattice of the SWCNTs.
Determination of N-doping XPS, TG-MS
In order to quantitatively determine the amount and type of N doping, XPS characterization of the P-and N-SWCNTs was performed. As shown in Fig. 2c , a main C1s peak appears at 284.5 eV for the N-SWCNTs, and there is no obvious difference from that of the P-SWCNTs (Fig.  S3c) . However, a small N1s peak was observed at 399.5 eV for the N-SWCNTs (Fig. 2d) , corresponding to pyridinic nitrogen. The nitrogen content calculated from the area ratio of N1s to C1s signals corrected with standard XPS sensitivity factors was only 0.4 at.%. The above results indicate that a very low amount of N was doped in the lattice of the The G' band in the Raman spectrum of SWCNTs is highly sensitive to electronic interaction with charged species occupying SWCNT lattice sites [42, 43] . Therefore, the G' band has been considered as a characteristic of substitutional doping in SWCNTs [23] . Previous reports have pointed out that the G' mode would make a redshift and generate a G' N-dope peak at a lower frequency for nitrogen-doped nanotubes compared with their pristine counterparts [42] . Fig. 4a shows the Raman G' bands of the N-and P-SWCNTs excited by a 1.96 eV laser. It can be seen that the G' peak of the N-SWCNTs is down-shifted by about 9 cm −1 compared with that of the P-SWCNTs, which further confirms that nitrogen is doped into the N-SWCNT lattice. Fig. 4b shows typical radial breathing mode peaks of the N-and P-SWCNTs. The intensities of the low frequency peaks obviously decrease after nitrogen doping, which indicates that the number of large diameter nanotubes is lower in the N-SWCNTs, consistent with the TEM and cryo-nitrogen adsorption characterizations.
TFTs based on the N-doped SWCNTs
Terrones et al. [26] predicted theoretically that for N-doped s-SWCNTs, the electronic state created by nitrogen doping lies beneath the conduction bands and is occupied by an extra electron. The Fermi level is shifted close to the conduction bands, causing all semiconducting SWCNTs to be metallic. To test the metallicity of the as-grown N-SWCNTs, TFTs based on the N-SWCNTs were fabricated, and their properties were studied. Thin films comprised of low density SWCNT random networks were collected by directly depositing the N-SWCNTs grown by FCCVD on a silicon wafer with preset gold electrodes placed in the downstream of the reactor. Fig. 4a shows a diagram of these TFT de- . 4a ) shows that some sparsely distributed SWCNTs connect the source and drain electrodes. Fig. 4b shows typical I sd -V g curves of the Pand N-SWCNT-based TFTs. In total, 50 TFTs based on N-doped SWCNTs were constructed, and measurements indicate that 43 of the 50 have current on/off ratios lower than 10, and the other 7 have values in the range of 10-100. In a parallel comparative experiment using P-SWCNTs, 29 of 50 have current on/off ratios larger than 10, and the other 21 have values larger than 100. Fig. 4c shows the histograms of the statistical results for the TFTs based on the N-and P-SWCNTs and these confirm that the N-SWCNTs exhibit metallic behavior, i.e. the content of metallic SWCNTs increases remarkably on N-doping as predicted.
Catalytic oxygen reduction property of the N-doped SWCNTs N-doped CNTs have been reported to have high electrocatalytic activity for the ORR as a result of the increased surface chemical reactivity arising from the modification of surface properties due to the electronegativity of doped nitrogen [44] . In contrast, pure SWCNTs have a low surface energy arising from neutral C-C bonding. As described above, we prepared metallic N-SWCNTs with high surface area and small diameter, so their superior electrocatalytic activity should be expected. CV and RDE measurements were performed to investigate the ORR activity of the N-SWCNTs. For comparison, the P-SWCNTs and commercial 20 wt.% platinum on carbon black (Pt/C) were also measured under identical conditions. The results show that the values of the onset potentials of N-SWCNTs, P-SWCNTs and Pt/C were -203, −281 and −78 mV, respectively (Fig. 5a) . Remarkably, the N-SWCNT electrode exhibits a more positive onset potential than the P-SWCNT electrode. The positive-shift of the onset potential and increased reduction current achieved by the N-SWCNT electrode indicates that N-SWCNTs have a much higher electrocatalytic activity toward ORR than the P-SWCNTs. Fig. 5b shows the RDE voltammograms of the N-SWCNT electrode at various rotation speeds. The kinetic parameters were analyzed with the K-L equations. Fig. S4a shows the corresponding K-L plots ( J −1 vs. ω −1/2 ) and it can be seen that the data exhibit good linearity. The number of electrons transferred (n) was estimated to be 2.65 at potentials ranging from −0.4 to −0.7 V. Fig. S5 shows the RDE voltammograms for ORR of the P-SWCNT electrode. The number of electrons transferred was estimated to be 2.32 from the corresponding K-L plots (Fig. S4b) , which indicates that the ORR process catalyzed by the SWCNTs is a two-electron pathway. We attribute this better ORR performance of the N-SWCNT catalyst to its unique structure with a high surface area, pyridinic nitrogen doping, and high quality of carbon lattice, which simultaneously produces a high-density of active sites, and good electrical conductivity. ) for the N-SWCNTs, P-SWCNTs and Pt/C. b) RDE voltammograms for ORR of the N-SWCNT electrode at various rotation speeds (sweep rate 100 mV s −1 ).
